ABSTRACT Using a samples of 61506 spiral galaxies selected from the SDSS DR2, we examine the luminosity function (LF) of spiral galaxies with different inclination angles. We find that the characteristic luminosity of the LF, L * , decreases with increasing inclination, while the faint-end slope, α, depends only weakly on it. The inclination-dependence of the LF is consistent with that expected from a simple model where the optical depth is proportional to the cosine of the inclination angle, and we use a likelihood method to recover both the coefficient in front of the cosine, γ, and the LF for galaxies viewed face-on. The value of γ is quite independent of galaxy luminosity in a given band, and the values of γ obtained in this way for the 5 SDSS bands give an extinction curve which is a power law of wavelength (τ ∝ λ −n ), with a power index n = 0.96 ± 0.04. Using the dust extinction for galaxies obtained by Kauffmann et al. (2003) , we derive an 'extinction-corrected' luminosity function for spiral galaxies. Dust extinction makes M * dimmer by about 0.5 magnitudes in the z-band, and about 1.2 magnitudes in the u-band. Since our analysis is based on a sample where selection effects are well under control, the dimming of edge-on galaxies relative to face-on galaxies is best explained by assuming that galaxy disks are optically thick in dust absorptions.
INTRODUCTION
Dust plays an important role in the observed properties of galaxies. It not only causes galaxies to dim but also causes them to redden. In order to obtain the intrinsic properties of galaxies from observation, it is necessary to understand dust extinction. Dust extinction is believed to be more important in late-type spiral galaxies than in early-type galaxies, since spiral galaxies are richer in cold gas and have on-going star formation (e.g. Calzetti 2001 for a review and references therein). Dust opacity in spiral disks can be probed by studying the average photometric properties of spiral galaxies as a function of disk inclination angle, as first suggested by Holmberg (1958 Holmberg ( , 1975 . Theoretically, it can be shown that, for completely opaque disks, the surface brightness to be observed is almost independent of inclination angle, while the luminosity dims as the inclination angle changes from face-on to edge-on. On the other hand, for completely transparent disks, the luminosity is independent of inclination while the surface brightness brightens as the disk changes from face-on to edge-on. However, the power of the Holmberg test is limited by the finite sizes of galaxy samples, because it is in general difficult to accurately estimate the inclination angles for individual galaxies. The axis ratios of galaxy images are usually used to estimate the inclination angles. For an infinitesimally thin and round disk, the inclination angle θ can be obtained directly from the axis ratio b/a through cos θ = b/a. Unfortunately, real disks are neither completely round nor infinitesimally thin, and the observed axis ratio depends not only on the inclination angle but also on the ellipticity and thickness of the galaxy. Unless such dependence is fully taken into account, the results from the Holmberg test cannot be interpreted straightforwardly. In addition, the test based on the average photometric properties of galaxies as functions of inclination angle may be further complicated by the incompleteness and selection bias of galaxy sample. For example, if disk galaxies are optically thin, a galaxy sample may be biased for lowluminosity galaxies with high inclinations because of the the enhanced surface brightness. With such selection bias, face-on galaxies will on average be brighter than edge-on galaxies, which may be falsely interpreted as the disks being optically thick. Because of these limitations, the conclusion about the opacity of the disk galaxies are still controversial (e.g. Burstein Haynes & Faber 1991; Byun 1993; Giovanelli et al. 1994 Giovanelli et al. , 1995 Xilouris et al. 1999; Masters, Giovanelli & Haynes 2003; Holwerda et al. 2005) .
With a large and well-defined sample, the abovementioned difficulties in the Holmberg test can in principle be overcome. As shown in Ryden (2004) , a large sample allows one to estimate the thickness and ellipticity robustly from the distribution of axis ratios in a statistical way. Moreover, with a large, well-defined sample, one can study the conditional distribution functions of photometric properties for given inclination angles, instead of just considering the mean photometric properties of galaxies. Thus, the selection bias and sample incompleteness can be taken into account strictly in a statistical sense. With the advent of the Sloan Digital Sky Survey (SDSS, York et al. 2000) , it is now possible to make such analysis.
In this paper, we use the SDSS galaxy sample to study dust extinctions in spiral galaxies. Our analysis is based on the luminosity function (hereafter LF) of galaxies as a function of inclination angles. We statistically correct the axis ratios of galaxy images to obtain their inclination angles based on the method of Ryden (2004) . We compare the change of LF with inclination angle in different wavebands to constrain the shape of the dust extinction curve. The paper is organized as follows. The selection of sample is described in § 2.1 and quantities to specify the inclinations of galaxies are discussed in § 2.2. In § 3, after a brief description of the LF estimators adopted in this paper ( § 3.1), we present the results of the LFs in all the 5 SDSS bands for galaxies of different inclination angles ( § 3.2). In § 4, the inclination-dependence of the LF is modelled in terms of dust extinction. The possible luminosity dependence of the dust extinction and the dust-corrected LF of spiral galaxies are discussed in § 5. Finally, our results are summarized in § 6.
OBSERVATIONAL DATA

Galaxy samples
The galaxy samples we used were selected from the New York University Value-Added Galaxy Catalog (NYU-VAGC, Blanton et al., 2005) of the SDSS second data release (DR2, Abazajian et al. 2004 ). The redshift catalog of the DR2 covers 2,627 deg 2 of the celestial sphere and photometric data in the 5 SDSS wave bands, u, g, r, i and z, are available for each of the galaxies (Abazajian et al. 2004 ) directly from the SDSS pipeline. The NYU-VAGC includes additional information for extragalactic targets, such as K-correction, spectroscopic target completeness, etc.. From the NYU-VAGC, we select spiral galaxies with f racdeV r ≤ 0.5, where the photometric parameter f racdeV is a point spread function (PSF) corrected indicator of galaxy morphology. In the SDSS pipeline, each galaxy was fitted by an exponential profile and a de Vaucouleurs' profile. The best linear combination of these two profiles was used to represent the profile of the galaxy, and f racdeV is the fraction of luminosity contributed by the de Vaucouleurs' profile. Bernardi et al. (2005) used f racdeV r ≥ 0.8 to select early-type galaxies. We use f racdeV r ≤ 0.5 to ensure that the galaxies we select are dominated by the exponential component.
To construct samples to study the LFs of galaxies, both redshift and flux limits are applied. Only galaxies with redshift in the range 0.01 ≤ z red ≤ 0.22 are selected. The upper limit is imposed to minimize the uncertainty in the K-correction and possible redshift evolutions of galaxies; the lower limit is employed to avoid the nearest galaxies with large uncertainties of distance caused by peculiar velocities. A flux limit in r band, m r = 17.60, is chosen to ensure the completeness in spectroscopy. For other wave bands, the flux limits are chosen to be sufficiently high, so that almost all of the galaxies (99%) brighter than the limit in the band in consideration have r-band flux brighter than 17.60 mag. The flux limits of all 5 bands we use and the numbers of galaxies in the corresponding samples are listed in Table 1 . Note that we use the Petrosian (1976) magnitude to refer the luminosities of galaxies. This definition of magnitude has the advantage that it is a uniform measurement of flux quite independent of the distance of the target. Furthermore, N gal is the number of galaxies selected within the flux and redshift limits. N spiral is the number of spiral galaxies selected with f racdeVr ≤ 0.5.
for an exponential profile the Petrosian magnitude contains almost all of the flux of the source (e.g. Stoughton et al. 2002) .
For each band, the absolute magnitude M is calculated using
where λ is the wave band in consideration, m λ is the apparent magnitude corrected for Galactic extinction based on the E(B − V ) maps of Schlegel, Finkbeiner & Davis (1998) , d L is the luminosity distance, and K λ (z) is the K-correction value taken from NYU-VAGC. Throughout the paper, we use the standard Λ−cosmology with Ω 0 = 0.3, Ω Λ = 0.7 and H 0 = 100h −1 kms −1 Mpc.
Inclination parameters
The apparent axis ratio of the image of a galaxy, which is provided by the SDSS pipeline, is a direct measurement of the inclination of spiral galaxies. If disks are thin and round, the minor-to-major axis ratio b/a is related to the inclination angle θ (defined to be the angle between the line-of-sight and the axis of angular momentum of the disk) by b/a = cos θ. In this paper, we use the r band axis ratio ab exp r , taken from the best fit of the images of galaxies with an exponential profile convolved with the PSF (see Stoughton et al. 2002) . Since the sample galaxies we selected are expected to be dominated by the exponential component (f racdeV r ≤ 0.5), the parameter ab exp r (hereafter referred to as b/a) should be a reasonable representation of the apparent axis ratio. Figure 1 shows the distribution of b/a for the sample galaxies (solid line). If disks are completely round and infinitesimally thin, and if their rotation axes are randomly orientated in space, the distribution of b/a should be flat. For our sample, the distribution is almost flat for 0.3 < b/a < 0.9, but disks with axis ratios close to 1 or close to 0 are less common. The lack of very round images (b/a ∼ 1) is caused by the intrinsic ellipticity, ǫ, of spiral galaxies, as demonstrated in detail by Ryden (2004) . The lack of images with small b/a is caused by two factors. The first is the intrinsic thickness of galaxy disks: the typical scale height of a disk is about 10% of the disk scale length, as shown in Giovanelli et al. (1994) . The other is the existence of a central bulge which, being spheroidal, can thicken the image of a spiral galaxy, especially an edge-on spiral. In what follows, we do not distinguish these two different causes of disk thickening. Instead we use a single 'effective thickness' parameter, ν, defined as the ratio of scale height to scale length, to represent the thickness of a spiral galaxy. Using a sample of SDSS spiral galaxies that have relative large apparent size, R e > 5 T psf , where R e is the effective radius of a exponential profile and T psf is the adaptive second moment of the PSF image (so that T psf may be used as a characteristic scale of the PSF), Ryden (2004) found that both ν and log ǫ have roughly Gaussian distributions. For example, in the r-band, Ryden (2004) found that the median (ν 0 ) and dispersion (σ ν ) of the ν-distribution are 0.216 and 0.056, respectively, while those for the log ǫ-distribution are log ǫ 0 = −1.83 and σ log ǫ = 0.93. However, with a typical PSF of 1.5 arcsec, the majority of SDSS galaxies have R e < 5 T psf (e.g. Shen et al. 2003) . Moreover, the apparent thickness is expected to vary with the apparent size (R e ), with smaller images appearing rounder, even though the images are de-convolved with the PSF. Galaxies with small apparent sizes include not only intrinsically small galaxies at small distances, but also intrinsically luminous galaxies at large distances. Since the average bulge-to-disk ratio of spiral galaxies increases with galaxy luminosity, the bulge components may become more dominant in a sample that contains more distant galaxies with small apparent sizes. Furthermore the bulge components are in general easier to observe than the disk components, because of their higher surface brightness. Both factors will cause the distant, apparently small spirals to be rounder. For this reason, we divide our sample into subsamples according the apparent sizes (R e ) of galaxies, and study the thickness parameter separately for each of the subsamples.
We assume that both the thickness parameter ν and ellipticity log ǫ follow Gaussian distributions and estimate the thickness parameters ν 0 and σ ν for spirals with different apparent sizes using the following Monte-carlo procedure. For a given galaxy with given shape parameters (ν and ǫ) and viewing angles (θ, ϕ), the apparent axis ratio b/a can be calculated using
where -The best-fit values of the effective thickness parameters ν 0 and σν (shown as error bars) for spiral galaxies with different apparent size log Re in the r-band. Dashed line is the distribution of log Re for sample galaxies.
(see Binney 1985) . Model galaxies are assumed to have random distribution in the view angle, and to have random distributions in ν and log ǫ according to their Gaussian distribution functions. To reduce model parameters, we assume that log ǫ and σ log ǫ have the values given by Ryden (2004) . The best values of ν and σ ν are obtained by matching the predicted b/a distribution with the observed b/a distribution (for each R e -subsample), with the use of the least-square criterion. The fitting results for ν 0 and σ ν are plotted in Figure 2 . As expected, disk galaxies with large apparent sizes have smaller 'effective thickness'. At apparent size R e > 8 arcsec, ν 0 reaches a constant value ∼ 0.14. This value may be considered as the upper limit of the effective thickness of the disks, or be explained as the intrinsic thickness of pure disk should be less then 0.14. Since the typical seeing condition in SDSS has T psf = 4Pixel 2 , the galaxies selected by Ryden (2004) have R e > 5 T psf and so are dominated by galaxies with R e 4 arcsec (see Figure 2 ). Our results for galaxies with R e 4 arcsec are ν 0 ± σ ν ∼ 0.195 ± 0.035, close to the results of Ryden 0.216 ± 0.056.
The above procedure also provides a statistical way to relate the real inclination of a galaxy (represented by cos θ) to the apparent axis ratio (b/a). To do this, each galaxy is assigned a possible viewing angle using a Monte Carlo method. For a galaxy with given (observed) b/a and R e , we first randomly select a set of shape parameters (ν and ǫ) from their Gaussian distributions obtained above, and then calculate the apparent axis ratio using equation (2). The value of θ that best reproduces the observed b/a is taken to be the viewing angle of this galaxy. Since our samples are sufficiently large, the simulated values of θ should represent the real distribution of the inclination angles in a statistical sense. Figure 3 shows the correlation between the simulated cos θ and the observed b/a. The whole sample is divided into 15 subsets in b/a, with each subset containing a similar number of galaxies. In the figure, points are median values while errorbars are the 16-84 percentiles of the distribution. The distribution of cos θ is also plotted in Figure 1 as the dashed lines. As one can see, cos θ follows a nearly flat distribution as expected. However, it should be emphasized that cos θ is an inclination parameter that has only statistical meaning. For individual galaxies, the uncertainty in cos θ is as large as the scatter shown in Figure 3 .
GALAXY LUMINOSITY FUNCTION: DEPENDENCE ON INCLINATION
Luminosity function estimator
In estimating the luminosity function (LF) of galaxies, we use the maximum-likelihood method proposed by Sandage, Tammann & Yahil (1979, hereafter STY) . This method assumes that the LF of galaxies has the Schechter form (Schechter 1976) ,
where L * is the characteristic luminosity, α the faint-end slope, and φ * the overall amplitude of the LF. The STY method uses such a luminosity function to calculate the probability for a galaxy with luminosity L i and redshift z i to be included in a magnitude-limited sample:
where L min (z i ) and L max (z i ) are the lowest and highest luminosities that a galaxy at redshift z i can have in order for it to be included in the sample. The likelihood function is defined as
where the product extends over all galaxies in the sample, and its maximization provides an estimate for α and L * (or equivalently the corresponding absolute magnitude M * ). We estimate the LFs for spiral galaxies with different inclinations in all the 5 SDSS bands. In order to make meaningful comparisons among the results, only galaxies in the luminosity range from M * + 3.5 to M * − 2.0 are used. In practice, an initial value of M * was chosen and an iterative procedure was used to determine M * and other LF parameters. Some extreme bright galaxies are rejected automatically by this selection.
As comparison, we also estimate each LF using the step-wise maximum-likelihood (SWML) method of Efstathious et al. (1988) . Here the LF is represented by a non-parametric step function and the maximization of the likelihood function is used to determined the relative amplitudes at all the steps.
Results
In Table 2 we list the fitting parameters of the LFs of spiral galaxies in the 5 SDSS bands, using the STY method. SWML method gives similar results; they are not presented here in order to save space. The subscript 'obs' in α obs and M * obs denote that these are derived directly from observational data, to distinguish them from the quantities for other LFs discussed in this paper.
Comparing the results with that obtained by Blanton et.al. (2001) , for all SDSS galaxies, we see that our LFs are steeper in the faint end (i.e. α is more negative) in all and Figure 3 for details). LF is estimated for each of the subsamples in each of the 5 SDSS wave bands. As an example, Figure 4 shows the LFs for two extreme subsamples, one for nearly edge-on galaxies, and the other for nearly face-on galaxies, in the r-band. Note that the results obtained from the SWML method (open and solid circles) match extremely well with those obtained from the STY method (solid lines), showing that the Schechter function is a valid assumption for the LFs for spiral galaxies with different inclinations. Clearly, both subsamples have similar α, but edge-on galaxies are systematically fainter than face-on galaxies, by about ∼ 0.65 magnitude. In Table 3 , we list the LF parameters obtained from the SYT method for all the inclination subsamples, and we use the subscript 'sub' to denote the parameters for subsamples. The changes of α sub and M * sub with b/a are also plotted in Figure 5 and in the left panel of Figure 6 , respectively. There is a systematic change of M * sub , with face-on galaxies having a brighter characteristic magnitude than edge-on galaxies. This change of M * sub with inclination becomes smoother if we fix the faint-end slope α to be the average value of the 15 subsamples (dotted lines in Figure 5 ), as one can see from the right panel of Figure 6 . These values are denoted as M * sub,2 and also listed in Table 3 . In addition, the inclination-dependence of M * sub is stronger in blue band, as is expected if the dependence is caused by dust extinction.
A systematic change of α with b/a is expected if dust extinction depends on galaxy luminosity for L < L * . The absence of any strong systematic dependence of α on b/a in the data suggests that dust extinction does not depend on galaxy luminosity strongly, at least for sub-L * galaxies. Note, however, that the dust extinction considered here is relative to that for face-on galaxies. If dust extinction in face-on galaxies depends strongly on luminosity, then a strong luminosity-dependent dust extinction cannot be excluded. We will discuss this in more detail in § 5.1. 
INTERNAL DUST EXTINCTION
Having shown that the LF of spiral galaxies depends systematically on the inclination, we now model such dependence in terms of dust extinction.
Empirical extinction models
As a simple model for the dust extinction, we assume that the change in magnitude of a galaxy, ∆M , due to dust extinction is proportional to log(b/a), so that (9) where γ 1 parameterizes the amplitude of the dust extinction relative to the face-on value (e.g. Giovanelli et al. 1994; Masters, Giovanelli & Haynes 2003) . As discussed in § 2.2, a quantity that may better describe the inclination is the corrected cosine of the inclination angle, cos θ. We therefore consider another model in which
In the above expressions, the subscripts, '1' and '2' denote quantities in the two models. Note that M 1 (1) and M 2 (1) are the magnitudes corresponding to b/a = 1 and cos θ = 1, i.e. face-on disk.
Since the inclination-dependence of α sub is not strong, the main effect of dust extinction is to change M * sub . The change of M * sub with inclination may be used to infer the average dust extinction for all spiral galaxies in the sample. The results of the least square fits of equations (9) and (10) to the observed M * sub,2 -log(b/a) and M * sub,2 -log(cos θ) relations are shown in Fig. 7 , while the values of the best fit γ and M * (1) are listed in Figure 7 . axis ratio b/a and those based on the corrected inclination angles θ. For all of the 5 wave bands, χ 2 2 < χ 2 1 , suggesting that a linear model works better for the corrected inclination angle. The values of γ 2 are all smaller than γ 1 , because the relation between b/a and cos θ has a slope that is different from 1 (see Figure 3) . However, the ratios between the γ values in different wave bands are quite similar in the two models. As we will see in § 4.2, it is these ratios that describe the dust extinction curve. In the maximum-likelihood estimate of the LF used here, dust extinction can be incorporated in a more elegant way. Since equation (10) provides a reasonable description of the mean relation between the dust extinction and the inclination angle θ, a similar relation may be used for individual galaxies. In this case, the luminosity function of spiral galaxies with observed luminosity L and inclination angle θ can be parameterized by
Thus, the value of γ (assumed to be independent of galaxy luminosity) can also be determined through the maximum likelihood method (either the STY method or the SWML method) that determines the LF. We have carried out such a maximum likelihood analysis using the STY method. Again, an iterative procedure is used so that only galaxies with luminosities in the range between M * + 3.5 and M * − 2.0 are used in the fitting. Since cos θ for individual galaxies are obtained statistically from Monte-Carlo simulations, different realizations may give different results. We therefore construct 25 different realizations and obtain the values of α, M * and γ for each of them. The average values of α, M * and γ obtained in this way are listed in Table 5 as α 0 , M * 0 and γ 3 , where the subscript '0' is used to denote 'face-on' galaxies, and the subscript '3' in γ 3 is used to distinguish it from γ 1 and γ 2 obtained from the M * sub,2 -log(b/a) relation and the M * sub,2 -log(cos θ) relation. The uncertainties on these parameters include both fitting errors and the scatter among the 25 realizations. The error bars are all very small, because each sample is sufficiently large to represent the distribution of cos θ faithfully. Note that the values of γ 3 are similar to that of γ 2 , indicating that the method based on M * and that on individual galaxies give the same results.
Extinction curves
The wavelength-dependence of γ can be used to constrain the extinction curve for spiral galaxies. As a simple model, we assume that the effective extinction curve in the optical has a power-law form,
where λ is the wavelength, τ λ is the optical depth at λ, τ V is the optical depth at the V -band (centered at λ = 5500Å) and is a function of inclination angle, and n is the power index describing the shape of the dust extinction curve. If we neglect the difference in the dust extinction curve for different galaxies and compare the dust extinction at given inclination angle but in different wavelength, then γ is proportional to τ . Thus, we can write
where γ V is the value of γ at 5500Å. We use a least-square fitting to estimate γ V and n from the values of γ in the 5 SDSS bands, and the results are listed in Table 6 for the three cases, Cases 1, 2 and 3, corresponding to the use of γ 1 , γ 2 and γ 3 , respectively. In Figure 8 , we plot the fitting results along with the data of γ used in the fit. As one can see, the powerlaw model is a good assumption in all cases. It is also interesting to note that, although the values of γ 1 , γ 2 and γ 3 are different, the power-law indices obtained from them are very similar, with n = 0.96 ± 0.04. (12) we obtained from the SDSS data are extrapolated to the near-infrared, and compared with the data obtained by Masters et al. (2003) for spiral galaxies with log(a/b) < 0.5 in the 2MASS: γ J = 0.48 ± 0.15, γ H = 0.39 ± 0.15 and γ KS = 0.26 ± 0.15. In addition, we also plot results obtained by others in various bands. Tully et al. (1998) gave γ B = 1.0 -1.5 for different types of spiral galaxies. Courteau (1996) obtained γ rGunn = 0.95 using 349 Sb-Sc UGC galaxies with 0.27 < log(a/b) < 0.70. Han (1992) found γ I to be in the range from 0.51 to 0.91 for different types of galaxies in the I band. Finally, Giovanelli et al. (1994) obtained γ I = 0.95 -1.15. Remarkably, all of the results follow well the power-law we obtained from the SDSS data. It should be pointed out, however, that the dust extinction we obtained here is the effective extinction for an entire galaxy, rather than that from some specific regions within a galaxy. Such extinction depends not only on the properties of the dust grains but also on the distribution of dust in individual galaxies. The index, n = 0.96±0.04, obtained is shallower than that obtained by observations of the Milky Way, the LMC and the SMC, n = 1.1 -1.5, but steeper than the value n = 0.7 obtained by Charlot et al. (2000) based on the assumption that dust in a spiral galaxy has a patchy distribution. Our result of n ∼ 1 implies that dust distribution in spiral galaxies on average are not as patchy as assumed in Charlot et al. (2000) .
EXTINCTION-CORRECTED LUMINOSITY FUNCTION
Luminosity-dependence of extinction
In the analysis presented above, we have assumed that the value of γ is independent of luminosity. In this subsection we examine whether or not this assumption is valid. To do this, we consider a model in which γ is a linear function of the magnitude,
We treat β as the fourth free parameter in fitting the LF. The result shows that β has a very small value so that the difference between γ and γ * is less than 5%. Furthermore, if α is kept constant in the fitting, β is even smaller. Thus, the luminosity-dependence of γ is weak and will be neglected in the following. Note, however, that γ in our definition only characterizes the extinction at a given inclination relative to that of face-on galaxies. Thus, even if γ is independent of galaxy luminosity, the absolute value of the extinction may be luminosity-dependent, if the extinction of face-on galaxies depends on luminosity. Unfortunately our method, which is based on a comparison between inclined galaxies with face-on galaxies, cannot be used to obtained the absolute value of the extinction. Because of this, here we use an independent set of observational data to probe the luminosity-dependence of extinction and to examine how such data can be used together with our results to obtain an extinction-corrected luminosity function for spiral galaxies. Kauffmann et al. (2003) estimated the dust extinction in the SDSS z-band, A z , for galaxies in the SDSS DR2, using the 4000Å break strength and the Balmer absorption line index Hδ A to constrain the star formation history and then estimating the dust extinction from the difference between the model and observed g −r and r −i colors. We combine their data with our sample. It should be noted that the 4000Å breaks and the Hδ A indices are estimated from the SDSS fiber spectra within a 3-arcsec aperture. Thus, the values of A z given by Kauffmann et al. may be biased towards the central parts of galaxies, especially for nearby galaxies with large apparent sizes. Figure 9 shows A z versus luminosity for galaxies in our sample. The small dots in the upper panel show all galaxies in the 'face-on' subsample with 0.86 < b/a < 0.91 . Open circles with error bars represent the median and their errors within given bins of M z . As a comparison, the solid circles show the median values of A z for 'edgeon' galaxies with 0.25 < b/a < 0.31. The solid circles are shifted by 0.5 magnitude towards the bright end according to the difference in M * sub for these two subsamples. It is clear that dust extinction does depend on luminosity for both face-on and edge-on galaxies. The dependence is not a simple monotonic relation. The extinction increases with luminosity at the faint part and decreases slightly towards the bright end. The behavior at the faint end may indicate that the dust opacity is larger in brighter galaxies. The slight decrease of A z with luminosity at the bright end may be due to the fact that the contribution of the central bulge, which may be less dusty, becomes more important for brighter galaxies. Note that the mean A z -M z relation for the face-on subsample is roughly parallel to that for the edge-on subsample, except perhaps for faint galaxies (see the lower panel of Figure 9 ). Since γ z ∝ ∆A z , this result implies that γ z is quite independent of luminosity, consistent with our result based on the luminosity functions.
The difference in A z between face-on and edge-on galaxies is about 0.4 magnitude, in good agreement with the difference in M * sub ( 0.5 mag) between these two subsamples. We have also checked the M z -dependence of A z for other subsamples of b/a, and found that the relations are all roughly parallel to each other, with the relative amplitudes very similar to those obtained from fitting the LFs (see Table 3 ). This agreement is remarkable, because the A z values given by Kauffmann et al. (2003) are based on totally different considerations.
5.2. Extinction-corrected luminosity function 5.2.1. Luminosity function of face-on galaxies Based on the results presented above, we can have several estimates for the LF of face-on spiral galaxies. The first one is based on (α sub , M * sub,1 ), or, ( α sub , M * sub,2 ), obtained from the subsamples with big values of axis ratio (see lines 14 and 15 in Table 3 ). The second is given Table 4 ). The most rigorous estimate may be given by the values of (α 0 , M * 0 ) in Table 5 , obtained through the maximum likelihood analysis that includes γ as the 3rd parameter (eq. 11). Note that for all the 5 SDSS bands, the values of α sub and α 0 are similar, but both are slightly less negative than α obs , the faint end slope of directly measured LF of spirals ( § 3.2). Furthermore, unlike α obs , which has more negative values in the bluer bands, both α sub and α 0 are quite independent of wave-bands. This may be explained by the fact that dust extinction not only reduces L * , but also steepens the LF for spiral galaxies. We have tested this effect using a Monte Carlo simulation. We generated a sample of galaxies with a given LF, and with each galaxy assigned a random orientation. We then made each galaxy dimmer according to its inclination angle. We found that the resulting LF is steeper than the original LF.
The corrections in the characteristic magnitudes are also significant. For face-on galaxies, M * 1 (1) , M * 2 (1) and M * 0 are all brighter than M * obs for about 0.2-0.3 magnitudes. Figure 10 shows a comparison of M * s for all the 5 bands. According to the extinction curve (τ ∝ λ −1 ), the change in M * is expected to be larger for bluer band. That such dependence is not seen clearly in Figure 10 is largely caused by the change in α and the degeneracy between α and M * . 
Intrinsic Luminosity Function
According to Figure 9 , the values of A z for face-on galaxies are typically 0.3-0.4 magnitudes. In principle, we can use the values of A z for individual galaxies and estimate a dust-corrected LF. The LFs in other bands can also be obtained using the the dust extinction curve. Unfortunately, this approach is impractical, because the uncertainty in A z is quite large (∆A z ≥ 0.2) and can significantly broaden the LF. On the other hand, for galaxies with a given luminosity, the true values of A z may have intrinsic scatter, which should be taken into account in the dust correction. Because of this uncertainty, here we consider two extreme cases. In one, we use the A z values given by Kauffmann et al. (2003) to make correction for each galaxy, and estimate the LF for the 'corrected' sample. The LF parameters obtained in this way are α = −1.43 ± 0.01 and M * = −21.52 ± 0.01. In the second case, we average the values of A z for galaxies with similar inclination angles, and use them to correct individual galaxies. The LF parameters obtained in this way are α = −1.28 ± 0.01 and M * = −21.27 ± 0.01. As discussed above, the true LF is expected to be between these two. Our Monte Carlo simulation showed that the uncertainty in A z , about 0.2, can account for most of the difference between these two results. So the second estimation of LF may close to the real case.
For the other 4 bands, direct estimates of the dust extinction are not available. We therefore use an assumption of the dust extinction curve together with the average values of A z (as a function of b/a) to make dust corrections for individual galaxies. We list the parameters for the LFs obtained for the corrected samples in Table 7 as α int and M * int . For comparison, results are given for two extinction curves, one with n = 1.0, as is obtained in this paper, and the other is n = 0.7, as given in Charlot et. al. (2000) .
In Figure 10 , we plot M * in all the five bands for different cases: the directly observed LF, the LF for faceon galaxies, and the intrinsic LFs obtained above. It is clear that the differences between different cases are quite large. In particular, M * for the corrected LF could be 0.5-1.2 magnitudes brighter than the uncorrected one from z to u bands. This suggests that, without correcting internal extinction of galaxies, the L * for spiral galaxies can be seriously under-estimated.
SUMMARY AND DISCUSSION
Using a samples of 61506 spiral galaxies selected from the SDSS DR2, we study the luminosity functions of spiral galaxies with different inclination angles. The apparent axis ratio, b/a, is used as an observational inclination indicator to define subsamples of spiral galaxies at different inclinations, and we use a Monte Carlo process to connect b/a to the corrected inclination angle, θ, disk thickness, ν, and ellipticity ǫ. There is a systematic change of the LF with inclination angle: the characteristic luminosity L * decreases with increasing inclination angle, while the faint-end slope depends only weakly on inclination.
The inclination-angle dependence of the galaxy luminosity function is consistent with the expectation of a simple model where the optical depth is proportional to cos θ, and we use a likelihood method to recover both the amplitude of the extinction (relative to the face-on value), γ, and the luminosity function for galaxies viewed face-on. We found that the results obtained from different methods are all consistent with each other, and the characteristic magnitude for face-on spirals is about 0.2 ∼ 0.3 magnitudes brighter than the average population.
We found that the value of γ is quite independent of luminosity in a given band. The values of γ obtained in this way for the 5 SDSS bands are used to constrain the shape of the extinction curve, assuming τ λ = τ V (λ/5500Å) −n . We find n = 0.96 ± 0.04.
Using the z-band dust extinction given by Kauffmann et al. (2003) , together with the inclination-dependence of the LF we obtained, we derive an 'extinction-corrected' luminosity function for spiral galaxies. Dust extinction makes a significant change in M * , and the characteristic luminosity of the 'dust-corrected' LF is about 0.5 to 1.2 magnitude brighter than the uncorrected LF from the z-to the u-bands. This suggests that the luminosity function of spiral galaxies may be significantly underestimated in blue bands, if internal dust correction is not made. This may have important implications when comparing model predictions of the luminosity function with observations.
As mentioned in the introduction, the dimming in luminosity from face-on to edge on is expected if galaxy disks are optically thick. Our results therefore give support to the assumption that most of the disks in our galaxy sample are optically thick. Note that the inclination-dependent dimming exists not only for faint galaxies but for galaxies over the entire luminosity range. Note also that we are using a well-defined flux-limited sample and the selection bias is taken into account in the LF estimate. It is therefore unlikely that the effect we find here is due to the magnitude limit in the sample. Systematic effects of surface brightness relative to the inclination is also unlikely to play an important role here. As discussed in Blanton et al. (2001) , the surfacebrightness limit used in the SDSS has negligible effects on the LF at M r < −18, and so the inclination-dependence of the LF at M r < −18 cannot be explained as due to the miss of low-surface face-on galaxies. We therefore conclude that our results are best explained by assuming that bright disks are optically thick.
